The focus of this study is to clarify the effects of an interface-edge shape on the bonding strength of a ceramics/metal joint. Each silicon nitride-to-nickel joint plate with an arc-shaped free-surface edge was prepared using wire-electric discharge machining after a bonding process. The interface-edge shape was characterized by defining an interface-edge angle as the configuration angle between the interface plane and tangential line at the arc edge of the bonded interface. The dependence of the bonding strength on the interface-edge angle was experimentally verified in the silicon nitride-to-nickel joint with an arc-shaped free surface of the interface edges. The result shows that enlarging or reducing the edge angle from a right angle improved the bonding strength because it reduced the residual stress near the interface edges in the ceramic side. Setting a suitable interface-edge condition using a secondary-bonding process produced the highest strength in a ceramics/metal-joint system. The free surface of the interface edges removed by the secondary-machining process was very smooth. Secondary machining can improve the surface integrity and redistribute the stress concentration because of the removal of the gap at the interface edges. This study demonstrates that secondary machining can be effective for improving the bonding strength.
Introduction
The focus of this study is to clarify the effect of an interface-edge shape on the bonding strength of ceramics-to-metal joint. The bonded interface of ceramics to metal faces serious problems because of the residual stress near the interface edge on the ceramic side during the cooling process when two dissimilar materials are bonded under high-temperature conditions. This residual stress considerably weakens the ceramics/metal-joint system (Okabe et al., 2000) . Reduction in the residual stress near the edge of the interface is required to design and realize bonded dissimilar materials such as the ceramics/metal-joint system. Previous studies (Inoue et al., 1995a; Inoue et al., 1995b; Kimura et al., 2003; Koguchi et al., 1989; Koguchi et al., 1991; Tateno et al., 1993; Tateno et al., 1996) showed that an optimum interface-edge shape, which eliminates the stress singularity or reduces the index of stress singularity (Bogy, 1968; Bogy, 1971; Inoue et al., 1995a; Inoue et al., 1995b; Inoue et al.,1996; Inoue, et al., 1997; Koguchi et al., 1989; Koguchi et al., 1991; Koguchi et al., 1997) , improves the bonding strength. An optimum interface shape is expected to reduce the residual stress near the interface edge. A selection method for setting the appropriate interface-edge shape is required in an optimum structural design to enhance the reliability of bonded dissimilar materials such as the ceramics/metal-joint system.
However, almost all of the interface shapes used in experiments on ceramics/metal joints are plane surface because machining of ceramics is very difficult and complicated. Electric conductive ceramics such as Si 3 N 4 has recently been developed so that an appropriate shape of the interface edge on ceramics can be machined using electric-discharge machining (EDM). The effects of the interface-edge shape on the bonding strength of ceramics/metal joint with arc-shaped free surfaces can be confirmed using electric conductive ceramics and metals. Two methods are available for realizing the shape of Si 3 N 4 -to-Ni joint-plate specimens with arc-free surfaces.
The first method is the direct-bonding method. Each arc-shaped free surface is machined to achieve a good fit in the interface using wire-EDM (W-EDM), and the machined specimen is then subjected to the bonding process. The other method is the secondary machining after the bonding process, i.e., both interface edges of the bonded interface are appropriately shaped using W-EDM after the bonding process. The effect of the interface-edge shape on the practical bonding strength of the Si 3 N 4 /Ni joint plate with arc-shaped free surfaces can be experimentally verified.
The present study aims to clarify the effects of the interface-edge shape on the bonding strength and fracture mode of silicon nitride-to-nickel joints whose interface-edge shapes were transformed into arc-free edges using secondary machining after the bonding process. The strength improvement by modification of the interface-edge shape is discussed based on the experimental results of the dependence of the fracture mode and strength on the interface-edge shape. A similar evaluation was also carried out using silicon nitride-to-nickel joint specimen directly bonded under the same bonding-temperature condition. The difference between the two produced interface edges was confirmed by comparing both the experimental results of the secondary machining and direct bonding.
Experimental procedure
The secondary-machining method was used in this experiment. Secondary machining is defined as one of the production methods that can realize the shape of a ceramics/metal joint with appropriate free surfaces. Electric conductive ceramics, namely, silicon nitride (Si 3 N 4 , manufactured by Nippon Tungsten Co., Ltd.), and commercial pure nickel were used in this experiment. Each silicon nitride-to-nickel joint plate with an arc-shaped free-surface edge was produced by EDM after the bonding process. Figure 1 shows the configurations of the silicon nitride-to-nickel joint plates with arc-shaped free surfaces.
The geometrical interface conditions were characterized using the interface-edge angle, defined as configuration angle φ, between the interface and tangential line at the edge of the interface of the bonded dissimilar materials, as shown in Fig. 2 . The interface-edge angles on both sides of Si 3 N 4 and Ni were denoted as φ 1 and φ 2 , respectively. The interface-edge angle on the ceramic side, i.e., φ 1 , was controlled by offsetting the location of the interface and set as 30° < φ 1 < 140°, which retained the geometrical conditions of the interface edge on the arc-shaped free surface, namely, φ 1 + φ 2 = 180°. Radius R of the free surfaces and interface length W were set to constant conditions of R = W = 6 mm.
Each specimen was first bonded under a high-temperature condition in vacuum using the active brazing-metal method. The temperature was kept at T = 880° C for 10 min using a thin braze metal/Ag-Cu-Ti alloy system and was slowly reduced. After cooling, the free-surface edges of the joined specimen were machined into an arc.
Bonding strength σ B was defined by the tensile strength of the bonded state and was evaluated at room temperature using a tensile testing machine at a crosshead speed of 1 mm/min. In addition, fractured specimens after the tensile test were observed under a microscope (Keyence VHX-100).
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(mm) (mm) The dependence of the bonding strength on the interface-edge angle was experimentally demonstrated in the silicon nitride-to-nickel joint with arc-shaped free surfaces at the interface edges, as shown in Fig. 3 .
The fracture mode was classified into four patterns (I, II, III, and IV) based on the results of the joint specimens after the tensile test, as shown in Fig. 4 . 
Fracture pattern I:
The joint specimens were fractured in the ceramic side. A particular crack occurred at almost 0.1-0.5 mm from the edge of the interface in the ceramic side, and it propagated inside the ceramics. This fracture pattern was observed in the range of 40° ≤ φ 1 ≤ 45°. The strength of the ceramics appeared to dominate the bonding strength.
Fracture pattern II:
The joint was basically fractured near the edge of the interface in the ceramic side. This fracture pattern included a unique fracture pattern that was similar to the debonding of the interface between ceramics and brazed metal. This fracture pattern appeared when a crack occurred near the interface edge and propagated along the interface. Thereafter, it propagated inside the ceramics. We observed that a very thin ceramic layer was left on the interface of the brazed metal near the interface edge at the fracture surface in the range of 45° <φ 1 ≤ 72°, as shown in Fig. 4 .
Fracture pattern III:
The joint was fractured at the edge of the interface in the ceramic side. The crack initiated near the edge of the interface in the ceramic side, and it propagated inside the ceramics. This fracture pattern was observed in the range of 72° <φ 1 <125°. Fracture patterns II (45° < φ 1 ≤ 72°) and III (72° < φ 1 < 125°) could be classified into a fracture pattern where a crack basically occurred near the interface edges in the ceramic side. Therefore, the residual stress dominated the bonding strength in the range of 45° < φ 1 < 125°.
Fracture pattern IV:
The bonded interface between the ceramics and brazed metal initially fractured, and the crack propagated along the interface or inside the ceramics. This fracture pattern was observed within 125° < φ 1 < 140°. The adhesion of the interface appeared to determine the bonding strength in the range of 125° < φ 1 < 140°. The aforementioned four fracture patterns are shown in Fig. 3 . According to our experimental results, the tensile bonding strength and fracture patterns were related to the interface-edge angle. Figure 3 shows the effect of φ 1 on σ B and the fracture patterns in the range of 45° < φ 1 < 125°. In the range of 45° < φ 1 < 125°, all joints were fractured at the interface edges in the ceramic side. Thus, the residual stress dominated the bonding strength in this range. Past studies (Koguchi et al., 1989; Koguchi et al., 1991; Tateno et al., 1993; Tateno et al., 1996) showed that the residual stress was concentrated near the interface edge, and it considerably weakened the ceramics/metal-joint systems. The bonding strength decreased according to the increase in the residual stress when the strength of the joint system depended on the residual stress in the case where the strength of silicon nitride was considered as constant.
Modification effects of the interface edges
Decreasing or increasing φ 1 from a right angle appeared to improve the bonding strength even though the residual stress dominated the bonding strength because of the reduction in the residual stress with the change in the interface-edge angles from a right angle.
Beyond the range of 45° < φ 1 < 125°, the fracture pattern appeared to propagate from the edge to the other parts. The fracture of the joints was not primarily related to the residual stress near the interface edges. Therefore, the residual stress near the interface edges could be relaxed by changing φ 1 from a right angle because changing φ 1 corresponds to reducing or enlarging the stiffness balance of the ceramics to metal. Figure 3 shows that all interfaces of the joints were debonded above φ 1 > 125°. The weakest point of the joint appeared From Ni side Secondary machining after direct bonding process when the system transformed from the interface edges in the ceramic side into the interface between the ceramics and braze metal. Thus, the adhesion power of the interface dominated the bonding strength. The strength was not related to the residual stress.
Changing φ 1 from a right angle corresponds to balancing the stiffness of the ceramics to metal. When changing φ 1 to approximately 180° enlarges the volume of the ceramics, i.e., the metal becomes very small, the ceramics become strong because the resistance of the ceramics against an external load is developed and/or the residual stress is relaxed by diminishing the restrictive force from the small metal. Therefore, the distributed stresses formed by the temperature change appear to become small, and a resistance against an external load is developed. A load that can make the interface open appears to be created by an external load or temperature change. Figure 3 shows some joints fracture far from the interface edges in the ceramic side below φ 1 < 45°. Decreasing φ 1 from 45° did not produce high-strength joints. The bonding strength depended on the ceramic strength far from the interface edges. Thus, the ceramic stiffness was related to the bonding strength.
The fracture origin of the joint appeared to propagate from the vicinity of the interface edges into the ceramics far from the interface edges. Thus, the residual stress near the interface edges turned out to be independent of the bonding strength. Changing φ 1 corresponded to balancing the stiffness of the ceramics to that of the metal. Decreasing φ 1 to less than 45° reduced the ceramic volume near the interface edges, i.e., the metal volume increased. Enlarging the metal volume corresponded to increasing the thermal deformation in the metal side. The ceramic resistance against external loads decreased with decreasing φ 1 because of the reduced ceramic volume.
Therefore, the optimum interface-edge angle, which yielded a high bonding strength, was near the geometrical condition, i.e., φ 1 ≈ 60° or 125°. In addition, the secondary-machining method showed that it could improve the bonding strength by setting both edges under the optimum geometrical conditions.
Redistribution of stress near the interface edges
For bonded dissimilar materials in thermal-elastic problems, the thermal stress is concentrated near the interface edge. A singularity stress occurs near the interface edge during the cooling process after two dissimilar materials are bonded at high temperature.
When a ceramics/metal joint exists under temperature-change conditions, the interface edges include the difference in the stresses and strains in both materials along the interface. Both materials can resist the forces resulting from each deformation when the bonded interface is in a balance state. Thus, the opposing forces in each direction in both materials are equal. Even though the interface edges are cut by removing the free surfaces, the forces oppose each other because of the difference in the ceramics and metal along the bonded interface. The intensity of the stress concentration, known as the index of stress singularity, depends on the mechanical properties and geometrical conditions, namely, stiffness balance. Sato et al. (1991) explained the redistributions of residual stresses on new free surfaces in the ceramic side after cutting the ceramics/metal joint using a two-dimensional finite element method (FEM) thermal elastic analysis. The redistribution of the residual stress was explained according to the numerical results that compared the stress distributions before and after cutting the joint system. Their work emphasized that the residual stresses with stress singularity were redistributed along the free surfaces near the interface edge, independent of the cutting of the ceramics/metal joint. This numerical result can demonstrate the intensity of the residual stress depending on the geometrical conditions after machining the interface edges. Meanwhile, our experimental results proved that the secondary-machining method can improve the bonding strength.
Direct-bonding process
3.2.1Fracture patterns
The ceramics/metal-joint specimens with arc-shaped free surfaces were manufactured by a direct-bonding process for comparison with those manufactured by the secondary-machining method. Each arc-shaped free surface was machined using W-EDM to achieve good fit of the interface. Subsequently, the machined specimen was subjected to the bonding process. The joint specimens were bonded at T = 880 °C, which was the same as that in the secondary-machining method.
The effects of the interface edge on the bonding strength and fracture patterns are shown in Fig. 5 . The fracture mode was classified into three patterns (I, III, and IV) from the results of the joint specimens after the tensile test, as shown in Fig. 6 .
Fracture pattern I:
The joint specimens were fractured in the ceramic side. The crack initiated almost 0.5-1.0 mm from the edge of the interface in the ceramic side and propagated inside the ceramics. This fracture pattern was observed in the range of 40° ≤ φ 1 ≤ 42.5°.
Fracture pattern III:
The joint was fractured at the edge of the interface in the ceramic side. The crack initiated near the edge of the interface in the ceramic side and propagated inside the ceramics. This fracture pattern was observed in the range of 45° ≤ φ 1 ≤ 130°.
Fracture pattern IV:
The fracture in the bonded interface between the ceramics and brazed metal propagated along the interface or inside the ceramics. This fracture pattern was observed in the range of 130° < φ 1 ≤ 140°. The adhesion of the interface between the ceramics and brazed metal appeared to dominate the bonding strength. The fracture patterns from the results of the secondary machining were almost the same. The abovementioned three fracture patterns were compared with those shown in Fig. 5 . Similar results were obtained in the ceramics/metal-joint specimens made by the direct-bonding process.
Interface-edge effect
For the direct-bonding method, changing the edge angle from a right angle did not considerably improve the bonding strength. The difference in the highest and lowest strengths was approximately 8-9 MPa. The following results were obtained from the viewpoints of generating the maximum and minimum strengths.
For the geometrical condition 45° ≤ φ 1 ≤ 130° where fracture occurred near the interface edge in the ceramic side, the weakest strength appeared at φ 1 = 90°. The largest strengths were obtained in the settings of approximately 45°-60° at φ 1 < 90° and approximately 120° at φ 1 > 90°. Weaker strengths simultaneously occurred around the edge conditions where the highest strength appeared.
However, the fracture origin transferred from the interface edge to the ceramic side at φ 1 > 90° and to the interface at φ 1 < 90° in the direct-bonding method. The secondary machining also indicated that the fracture origin transferred under the same interface-edge conditions.
The geometrical condition where the maximum bonding strength appeared included the lower bonding-strength joints.
At φ 1 < 60°, decreasing the interface-edge angle did not improve the bonding strength and made the ceramics near the edge of the interface break easier. At φ 1 > 120°, increasing the interface-edge angle did not improve the bonding strength and made the interface debond.
From the experimental results, the minimum strength appeared at φ 1 = 90° because the residual stress was related to the intensity of the concentrated stress or stress singularity. The deformations resulted from the thermal gap that occurred in both materials at the interface edges when the two bonded materials cooled down after they were bonded at high temperature. The stress singularity generated near the bonded interface edges caused thermal deformations in both materials.
The intensity of the stresses in the ceramic side corresponded to both balances in the stiffness of the two materials and restrictive force resulting from metal-work hardening. For bonded dissimilar materials in thermal problems, the stress concentration is generated near the interface edge. The intensity of the stress concentration, which is known as the index of stress singularity, depends on the mechanical properties and geometrical conditions. The stress concentration was generated near the interface edge even if plasticity was considered in the material properties. The concentrated stress along the free surface in the ceramic side also indicated the stress singularity similar to the stress obtained from the FEM analysis using a bonded FEM model in combination with the ceramics and metal with low elastic modulus. Previous theoretical and numerical results (Koguchi et al., 1991; Tateno et al., 1996) showed that the maximum value of the index of stress singularity appeared near φ 1 = 90° when the ratio of both elastic moduli was set at approximately E 2 /E 1 ≈ 0.1.
These works showed that the index decreased with the change in the wedge angle from the right angle under the same geometrical conditions as those in our experiment. The interface-edge angle used in the current analysis where the minimum bonding strength was obtained in the experimental results was related to the wedge-angle configuration in which the maximum value of the index of stress singularity was achieved in the theoretical and numerical results. The minimum strength appeared at φ 1 = 90° because the intensity of the residual and concentration stresses was related to the bonding strength.
Comparison between both processes
Comparison of the results of the direct-bonding and secondary-machining methods reveals differences. The results, effects of the edge angle on the fracture patterns, and bonding strength of the direct bonding are almost similar to those in the secondary-machining method except for the intensity of the bonding strength and optimum geometrical conditions.
The bonding strength of the joints in the direct bonding is less than that in the secondary-machining process under the same bonding-temperature condition and the same geometrical conditions in the interface edge, which is confirmed by comparing the results of the bonding strength of the joints under the two methods.
Changing the edge angle from the right angle improves the surface integrity of the joints with machined arc-shaped free surfaces. Figure 7 (a) shows a typical free edge of the Si 3 N 4 -to-Ni joint with an arc-shaped free surface in the bonded state from both front and side views. Gaps of less than 0.1 mm in both materials are observed at the interface edge after the direct bonding. Figure 7(b) shows that the interface edge of the joint where the free surface has been removed near the interface edge using secondary machining is smooth, indicating that secondary machining is also effective for improving the machining conditions and changing the interface-edge conditions near edges.
The reason for the increase in the strength is that secondary machining can improve the surface integrity and redistribute the stress concentration because of the removal of the gap at the interface edges.
This work demonstrates that secondary machining is effective in improving the bonding strength. Appropriately machining the free surface improves the bonding strength because it can redistribute and reduce the residual stress near the interface edge.
We confirm that secondary machining of the free-surface edges can be a possible method of improving the bonding strength. Some different issues are revealed by comparing the results of the two different processes.
Conclusions
This study has demonstrated the effects of the interface-edge shape on the bonding strength of ceramics/metal joint. The following conclusions are derived.
(1) The dependence of the bonding strength on the edge angle was experimentally verified in the silicon nitride-to-nickel joint with arc-shaped free surfaces. The fracture mode was classified into four patterns (I, II, III, and IV) based on the results of the joint specimens after the tensile test using the secondary-machining method. (2) We confirmed that changing the edge angle from a right angle improved the bonding strength because it reduced the residual stress near the interface edge. Decreasing the edge angle to less than φ 1 ≈ 50° or increasing it to more 130° was not an effective geometric method for producing high-strength joint systems because a lower strength was simultaneously observed around the interface edges where the maximum strength appeared. Therefore, the optimum interface-edge angle that yielded a high bonding strength was near the geometrical condition φ 1 ≈ 60° or 125°. The secondary-machining method also showed that it could improve the bonding strength by setting both edges under the optimum geometrical conditions. (3) For the direct bonding method, changing the edge angle from a right angle did not considerably improve the bonding strength. The difference in the highest and lowest strengths was approximately 8-9 MPa. The highest 
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1 strengths were obtained in the settings of approximately 45°-60° at φ 1 < 90° and 120° at φ 1 > 90°. Weaker strengths simultaneously occurred around the edge conditions where the highest strength occurred. The fracture origin in the direct-bonding method transferred from the interface edge to the ceramic side at φ 1 > 90° and to the interface at φ 1 < 90°. (4) The fracture patterns in the direct-bonding method were almost similar to those in the secondary-machining method except for the strength intensity. The reason for the increase in strength was that secondary machining can improve the surface integrity and redistribute the stress concentration because of the removal of the gap at the interface edges. (5) This study shows that secondary machining is effective in improving the bonding strength. Appropriately machining the free surface improves the bonding strength because it can redistribute and reduce the residual stress near the interface edge. (6) We confirm that secondary machining of free surface edges is a possible method of improving the bonding strength.
